This work evaluate seven estimation methods of fatigue properties applied to stainless steels and aluminum alloys. Experimental strain-life curves are compared to the estimations obtained by each method. After applying seven different estimation methods at 14 material conditions, it was found that fatigue life can be estimated with good accuracy only by the Bäumel-Seeger method for the martensitic stainless steel tempered between 300°C and 500°C. The differences between mechanical behavior during monotonic and cyclic loading are probably the reason for the absence of a reliable method for estimation of fatigue behavior from monotonic properties for a group of materials.
INTRODUCTION
Monotonic mechanical properties can be easily obtained at tension tests, with great accuracy. The most important variables extracted from a monotonic stress--strain curve that characterize the monotonic mechanical behavior are Young's modulus (E), yield strength (Y S ), ultimate tensile strength (T S ), total elongation (TE), area reduction at fracture (AR), true fracture stress (σ F ) and strain (ε F ), strength coefficient (H) and strain-hardening exponent (n) of the Ramberg-Osgood equation (Equation 1): (1) σ σ   ε ε ε    
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where ε is the total strain applied during monotonic loading, ε E is the elastic strain and ε P is the plastic strain. When a metal is cyclically loaded, a modification of the Ramberg-Osgood is valid:
where ∆ε T /2 is the total strain amplitude applied during cyclic loading, ∆ε E /2 is the elastic strain amplitude and ∆ε P /2 is the plastic strain amplitude. From this equation, the cyclic strength coefficient (H') and cyclic strain-hardening exponent (n') can be defined, allowing the comparison between monotonic and cyclic mechanical behaviors.
Metallic materials present cyclic hardening when the cyclic stress-strain curve described by Equation 2 shows higher stress values in a specific strain level when compared to those predicted by Equation 1. However, cyclic softening or a mixed behavior could also be observed. Hertzberg (2) relates the tendency of a given material to undergo cyclic hardening or softening to the quotient T S /Y S : if the quotient is higher than 1.4, cyclic hardening was expected, and when the quotient is lower than 1.2, cyclic softening is the most common behavior observed. In the same way, there is a tendency to observe cyclic hardening if the monotonic strain-hardening exponent (n) is higher than 0.2; cyclic softening can be observed if n is lower than 0.1.
During cyclic loading, fatigue failure can occur, and for mechanical design the determination of the fatigue life under an applied load is desired. Strain-controlled fatigue tests can generate strain-life fatigue curves, which can be generally described by:
where N F is the number of cycles to failure, the elastic term of the total strain imposed can be described by the elastic coefficient (C E ) and the fatigue strength exponent (b), and the plastic term is described by the plastic coefficient (C P ) and by the fatigue strain exponent (c).
http://dx.doi.org/10.4322/tmm.2012.040
Evaluation of methods for estimating fatigue properties applied to stainless steels and aluminum alloys
Mitchell method (Mit): also known as Socie et al method, is developed for steels with hardness below 500 HB. (3) It is assumed that fatigue strength coefficient is numerically equal to the true fracture stress, and the fatigue strain coefficient can be assumed as the total strain at fracture. The fatigue strain exponent is again fixed at -0.6, resulting in:
where
Bäumel-Seeger method: two different sets of equations are used in this method. (3) For low-alloy and carbon steels, generally called ferrous materials, the main expression (BS F ) is:
considering that M 6 = 1 if M 1 ≤ 0.003 and ⋅ 6 1 M = 1.375 -125 M if M 1 > 0.003. For non-ferrous alloys (specifically aluminum or titanium alloys), the method (BS N ) is described by:
Cyclic and fatigue tests are more time-consuming than monotonic tension tests, leading to great availability of monotonic properties. This naturally leads to the development of methods for the estimation of fatigue properties from monotonic ones. (4) This work analyzes seven estimation methods, described in the following topics.
Four-point method (4P): this method received this name because it uses two points to determine the elastic term of the strain-life curve (in a log-log plot), and other two for the plastic term. (5) Algebraically, it can be described by:
where: 
Universal slopes (US): this method fixed the elastic and plastic slopes, related to the fatigue strength and strain exponents (b and c) at -0.12 and -0.6, respectively. (6) This leads to:
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Morrow (7) also shows that fatigue strength and ductility exponents (b and c) can be estimated from cyclic strain hardening exponent (n'), according to:
Re-arranging Equations 35 and 36 lead to:
Considering those facts, the main purpose of this work is the evaluation of the estimation methods presented, analyzing their applicability and accuracy in two duplex stainless steels (UNS S31803, also known as 2205, and UNS S32750, also known as 2507), a martensitic stainless steel UNS S42000 (quenched and tempered in seven different conditions, obtaining different strength levels), two cast (A413.0 and A356.0) and three wrought (AA7175-T1, AA6261-T6 and AA6351-T6) aluminum alloys. Experimental strain-life curves are compared to the estimated strain-life curves obtained by each presented method.
EXPERIMENTAL
Cast aluminum samples were obtained by low--pressure die casting, and the wrought aluminum alloys and stainless steels were obtained from commercial round bars of approximately 20 mm diameter. Tables 1 and 2 Modified four-point method (4PM): Ong (5) proposes some modifications to the previously discussed four-point method for a better fit to experimental fatigue data of steels. The estimation of the strain-life curve is possible through:
Modified universal slopes method (MUS): some modifications on the previously described US method are proposed, (3) allowing the estimation of the strain-life curve by:
where Evaluation of methods for estimating fatigue properties applied to stainless steels and aluminum alloys maximum test frequency of 0.5 Hz to avoid heating of the specimens during cyclic loading, and strain ratio R = -1, with application of load with sinusoidal wave. From the cyclic tests, the following properties are determined: fatigue strength (b) and ductility (c) exponents, elastic (C E ) and plastic (C P ) coefficients, cyclic strength coefficient (H') and cyclic strain-hardening exponent (n'). Tables 3 and 4 summarize the monotonic mechanical properties extracted from tension tests. Fatigue properties are shown in Table 5 . Using Equation 1 and 2 and the data of Tables 4 and 5 , the true stress-strain curves for both monotonic and cyclic loadings are plotted, and Figure 1 shows typical behavior of selected materials. All of the aluminum alloys present cyclic hardening show the chemical composition (wt%) of the studied materials. While duplex stainless steels presents only solution-treated structures, martensitic stainless steels were oil quenched from 1000°C and then tempered for 1 hour at 200°C, 300°C, 400°C, 450°C, 500°C, 550°C or 600°C, to obtain different strength levels. Wrought aluminum alloys are solution-treated and naturally aged (AA7175-T1 alloy) or artificially aged (AA6261-T6 and AA6351-T6 alloys).
RESULTS
Tension tests following ASTM E8M (8) were conducted in a servo-hydraulic MTS 810.25 testing machine. For each material were determined: Young's modulus (E), yield strength (Y S ), ultimate tensile strength (T S ), total elongation in 25 mm (TE 25 ), reduction of area (RA), true fracture stress (σ F ), true fracture strain (ε F ), strength coefficient (H) and strain-hardening exponent (n). In the same testing machine, strain-controlled fatigue tests were conducted according to ASTM E606, (9) with a (Figures 1a, b) , in agreement to Mitchell (10) results for wrought aluminum alloys; however, it is reported (11) a mixed behavior for the AA6061-T651 wrought aluminum alloy, indicating the difficult to determine a generalized behavior based on material type. The two duplex stainless steels present cyclic softening ( Figure 1c shows the behavior of UNS S32750); martensitic stainless steels tempered at 200°C and 300°C present cyclic hardening; the other tempered samples show mixed behavior (as shown in Figure 1d ).
DISCUSSION
The use of Morrow Equations 35 to 37 to estimate b, c and n' values leads to the data presented in Table 6 . Those values can be compared to the experimental determined ones, presented in Table 5 , using the relation: Evaluation of methods for estimating fatigue properties applied to stainless steels and aluminum alloys where X EXP are the experimental value of b, c or n' for a given material, and X Morrow is the estimated value. As showed in Table 6 , only three predictions of the c values present variations below 10%, and the worst case shows a 367% difference of the estimated value of n' and the experimental result (AA6261 aluminum alloy). Those data shows that Morrow relations (Equations 35 to 37) are not able to predict the desired fatigue properties for the studied materials. According to Hertzberg, (2) if the quotient (T S /Y S ) > 1.4, cyclic hardening was expected, and when (T S /Y S ) < 1.2, cyclic softening is the most common behavior observed. In the same way, there is a tendency to observe cyclic hardening if the monotonic strain-hardening exponent (n) is higher than 0.2; cyclic softening can be observed if n is lower than 0.1. Using data from Tables 3  and 4 the predictions showed in Table 7 can be stated, showing that only A413.0 aluminum alloy and martensitic stainless steel tempered at 550°C could have their behavior accurately predicted (cyclic hardening and mixed, respectively). It can be concluded that the tendency of cyclic hardening or softening cannot be predicted from monotonic parameters.
Experimental strain-life curves and the seven estimated strain-life curves are shown in Figures 2 to 4 for the wrought aluminum alloy AA7175-T1, the cast aluminum alloy A356.0, duplex stainless steel UNS S31803 and martensitic stainless steel UNS S42000 tempered at 600°C and 400°C, respectively. Those five examples are chosen between the 14 materials studied to illustrate the most usual behaviors observed.
All the estimation methods leads to strain-life curves higher than experimental results of AA7175-T1, as can be seen in Figure 2a , for a fatigue life up to 10 4 cycles; for longer fatigue lifes, sub-estimation occurs. This behavior is also observed for the martensitic stainless steel tempered at 300°C or 550°C. However, the estimations for A356.0 cast aluminum alloy (Figure 2b ) present longer lifes than experimental results at any load level; this also occurs for the wrought aluminum alloys AA6261-T6 and AA6351-T6 and for the martensitic stainless steel tempered at 200°C. Duplex stainless steels, on the other hand, have shorter estimated fatigue lifes if they are compared to experimental results; Figure 3a illustrates this behavior for UNS S31803 duplex stainless steel.
The modified four-point method (4PM) presents the worst estimation for cast aluminum alloy A413.0 and martensitic stainless steel tempered at 600°C (Figure 3b ). For those two materials, BS N and MUS methods leads to strain-life curves higher than experimental results for a fatigue life up to 10 4 cycles, and for longer fatigue lifes, sub-estimation of fatigue strength occurs some methods leads to lifes than experimental results at any load level; the other methods super-estimate fatigue life.
A simple statistical evaluation, like the correlation coefficients (R 2 ) between experimental data and estimated values, presents satisfactory results; if all materials are considered, with strain-life curves estimated in a life range from 10 2 to 10 7 by the seven studied methods, the mean correlation factor of all analysis is (R 2 = 0.98 ± 0.02). The lowest correlation factors occur for the 4P (R 2 = 0.79) and 4PM (R 2 = 0.87) methods applied to the cast aluminum alloy A413.0, and for the 4PM method applied to the AA7175-T1 wrought aluminum alloy (R 2 = 0.85). However, the correlation factors does not show with accuracy the poor fit between experimental and estimated strain-life curves illustrated at and the estimated (or calculated) strain amplitude for a given fatigue life (∆ε CALC ). Figures 5 and 6 show SAV of the seven estimation methods for wrought aluminum alloy AA6351-T6, cast aluminum alloy A413.0, and martensitic stainless steel UNS S42000 tempered at 200°C or 450°C:
For the wrought aluminum alloy AA6351-T6 (Figure 5a ), BS F and MUS methods show the lowest and most stable SAV (approximately 10%, in a conservative analysis). However, the observed variations does not present the same SAV, for any method, in all the analyzed fatigue life (10 4 to 10 7 cycles); the estimation of fatigue life, in this sense, will depend on the material, desired fatigue life and chosen method, which do not characterizing an accurate estimation of fatigue parameters. Equation 39 allows the determination of a strain amplitude variation (SAV), by the comparison of experimental strain amplitude for a given fatigue life (∆ε EXP ) Table 7 and Figure1 show that the monotonic and cyclic mechanical behaviors are not equivalent, and this is the most probable reason for the absence of a reliable estimation method of fatigue behavior from monotonic properties. The microstrutural changes imposed during cyclic loading deformation, which will lead to the fatigue failure, does not find an equivalent in the monotonic deformation imposed at tension tests, and this could restrain the use of methods for estimation of fatigue behavior from monotonic properties in a more generalized case.
CONCLUSIONS
After applying seven different estimation methods at 14 material conditions, this work shows that strain amplitude at a given fatigue life can be estimated with good accuracy only by the Bäumel-Seeger method for the martensitic stainless steel UNS S42000 tempered at 300°C, 400°C, 450°C or 500°C. The differences between mechanical behavior during monotonic and cyclic loading are probably the reason for the absence of a reliable method for estimation of fatigue behavior from monotonic properties for a group of materials.
Figure 5b, however, shows that strain amplitudes for the martensitic stainless steel UNS S42000 tempered at 450°C estimated by BS N and BS F methods present stable SAV values, below 3%. Equivalent results are obtained for the same methods for the UNS S42000 tempered between 300°C and 500°C. Nevertheless, the same steel tempered at 200°C (Figure 6b ) and 600°C presents large deviations from experimental results, considering all the estimation methods, showing that there is not a secure option to estimate fatigue parameters for this steel.
The lack of a stable SAV for a specific material--method combination is clearly noted in Figure 6a for the cast aluminum alloy A413.0, and the same behavior could be noted for the wrought aluminum alloy AA6261-T6 and for the duplex stainless steels UNS S31803 and UNS S32750. Analyzing all those facts, it can be concluded that none of the evaluated estimation methods can describe the fatigue behavior of a material group. However, UNS S42000 tempered at 300°C, 400°C, 450°C (Figure 5b ) or 500°C can be estimated by Bäumel-Seeger method with good accuracy, confirming what is shown by Figure 4 .
